Integrin-mediated adhesion of leukemia cells to extracellular matrix proteins reduces apoptosis following radiation-induced genotoxic injury. To evaluate the role of integrin-linked kinase (ILK) in this process, HL60 human acute promyelocytic leukemia cells were stably transfected with ILK wild-type or kinase-hyperactive overexpression vectors. Suspension or fibronectin (FN) adhesion cultures were irradiated with X-rays and processed for measurement of apoptosis, mitochondrial transmembrane potential and caspase activation. Adhesion to FN pronouncedly reduced radiation-induced apoptosis of HL60 cells and vector controls. Intriguingly, overexpressed ILK enhanced apoptosis after irradiation by combined activation of caspase-3 through caspase-8 and -9 in irradiated FN cultures. Irradiation of ILK suspension cultures lacked caspase-8 activation, but showed serial cleavage of caspase-9, -3 and poly (ADPribose) polymerase. These findings further characterize the cell death-promoting function of ILK in DNAdamaged cells. Moreover, ILK might represent a potential therapeutic target for innovative chemo-and radiooncological approaches in hematological malignancies.
Introduction
The basis for treatment failure subsequent to positive initial responses to chemo-and radiotherapy detectable in neoplasias is comprised of a diverse panel of genetic and microenvironmental factors. The cytoprotective mechanisms identified to date are, for example, overexpression of multidrug resistance gene 1 (associated with p-glycoprotein) (Baker and El-Osta, 2003) , BCRAbl-kinase mutations (Nardi et al., 2004) or overexpression of Bcl-2 oncogene (Chanan- Khan and Czuczman, 2004) . In addition to survival-advantaging genomic mutations, recent findings provide evidence for a fundamental role of physical interactions of cells with extracellular matrix (ECM) proteins such as fibronectin (FN) or laminin or cellular counter receptors like vascular cell adhesion molecule-1 in cellular drug and radiation resistance (Damiano et al., 1999; Aoudjit and Vuori, 2001; Cordes and Meineke, 2003) .
The integrin family of cell adhesion molecules facilitates cell-matrix interactions. Eighteen a and eight b subunits congregate to form 24 different a/b heterodimers dependent on cell type and cellular context (Hynes, 2002) . Similar to soluble growth factors and cytokines, integrin-mediated signaling regulates survival, proliferation and differentiation (Giancotti and Ruoslahti, 1999; Legate et al., 2006) . Because integrins lack own kinase activity, cytoplasmic protein kinases such as integrin-linked kinase (ILK) (Hannigan et al., 1996) or the non-receptor-bound focal adhesion kinase (FAK) (Mitra et al., 2005) or Rho GTPases like Rac and Cdc42 (Kinbara et al., 2003) are recruited by integrins to transmit signals to intracellular pathways.
Studies in leukemia cells (Hazlehurst et al., 2000; Damiano et al., 2001; Gendron et al., 2003) have shown that integrin-mediated adhesion is associated with reduction of proapoptotic proteins Bim and Bax in parallel with the induction of antiapoptotic Bcl-2-like proteins or Bcl-2/Bax ratio (de la Fuente et al., 2002) . In great similarity to adherent growing cells (Zhang et al., 2002; Cordes and van Beuningen, 2003; Seidler et al., 2005) , these events confer resistance to genotoxic agents such as ionizing radiation or drugs like bleomycin, etoposide or fludarabine.
Downstream of b1-integrin is ILK, whose antiapoptotic effect is mediated through phosphatidylinositol-3 kinase/Akt signaling to inactivate caspase-9 by Ser196 phosphorylation (Persad et al., 2001) . Studies performed in SCP2 mouse mammary epithelial cells point at an inhibitory function of ILK on caspase-3 and -8 (Attwell et al., 2000) . Distinct from induction of apoptosis by cell detachment from a substratum, termed anoikis (Frisch and Screaton, 2001) , cytotoxicity studies using wild-type and constitutive active kinase ILK-overexpressing A549 lung (Cordes, 2004) and FaDu squamous carcinoma cells (Eke et al., 2006) question a general prosurvival function of ILK. These tumor cell lines were substantially sensitized to ionizing radiation. In contrast, Duxbury et al. (2005) recently depicted that small interfering RNA (siRNA)-mediated ILK silencing enhances chemosensitivity of pancreatic tumor cells to gemcitabine.
As mainly examined in adherent growing cells, integrin-mediated signaling facilitates antiapoptotic responses through the regulation of expression and activity of several members of the Bcl-2 protein family in a nuclear factor-k B-dependent manner (Matter and Ruoslahti, 2001 ). Gilmore et al. (2000) demonstrated an interdependence of FAK and the proapoptotic protein Bax for initiating Bax translocation and conformational changes within apoptotic signaling in mammary epithelial cells detached from ECM. That integrin-mediated cell death, which is distinct from anoikis, is induced by caspase-8 binding to b-integrin cytoplasmic tails was shown by Stupack et al. (2001) . Caspase-8 also contributes to adhesion-mediated resistance of U937 histiocytic lymphoma and Rosewell Park Memorial Institute medium (RPMI 8226) multiple myeloma cell lines by promoting c-Fas-associated death domain (FADD)-like interleukin-1-converting enzyme-like inhibitory protein-long binding to FADD protein (Shain et al., 2002) . Interestingly, Jan et al. (2004) showed caspase-independent anoikis involving a new protein called Bit1.
Apoptosis is the essential cell death type for DNA-damaged leukocytes and their malignant counterparts (Sun and Shi, 2001) . After radiation-induced genotoxic stress, apoptosis is mainly triggered via the intrinsic mitochondrial and not the extrinsic death receptor-mediated signaling cascades (Newton and Strasser, 2000) . Mitochondrial apoptosis is controlled by complex interference of diverse pro-(e.g. Bax, Bak) and antiapoptotic (e.g. Bcl-2, Bcl-xL) Bcl-2-like proteins. Subsequent to Bax translocation to mitochondria, the combined release of cytochrome c, dATP and Apaf-1 facilitates autoproteolytic activation of caspases (Cheng et al., 2001; Belka and Budach, 2002) . Cleaved by diverse caspases including caspase-3, the nuclear enzyme poly (ADP-ribose) polymerase (PARP) functions in DNA recombination, replication and repair and apoptosis (Soldatenkov and Smulson, 2000) .
The extrinsic apoptotic pathway, in contrast, is activated by death ligand binding to death receptors (e.g. Fas/Fas-Ligand system), which subsequently recruit cytosolic proteins like initiator caspase-8 (Peter and Krammer, 2003) . Besides activating caspase-3, caspase-8 can cleave BID, a BH3-only protein of the Bcl-2 family, to enable crosstalk between the intrinsic and extrinsic apoptotic pathways (Belka et al., 2000; Riedl and Shi, 2004) .
The aims of our study were to confirm the survivaladvantaging effect of integrin-mediated adhesion to FN in HL60 promyelocytic leukemia and Jurkat E6 T-lymphoma cells after genotoxic injury. We demonstrate that integrin-mediated adhesion to FN provides a significant degree of cytoprotection against radiationinduced apoptosis by reduced cleavage of caspase-9, -3 and PARP but not caspase-8. Intriguingly, it is shown that ILK wild-type (IW) or constitutive active kinase overexpression promotes apoptosis of DNA-damaged leukemia cells under both suspension and FN adhesion and that knockdown of ILK potently inhibits apoptosis after irradiation. Concerning radiation-induced apoptosis in the tested leukemia cells, we provide strong evidence, which suggest ILK to function in an adhesion-dependent proapoptotic interaction with either caspase-8 or -9.
Results

Adhesion to FN protects cells from radiation-induced apoptosis
To evaluate the effect of HL60 or Jurkat cell adhesion to FN on radiation-induced apoptosis, cells were either grown in suspension or on increasing FN concentrations in the presence or absence of serum.
At 48 h after irradiation, HL60 suspension cultures showed B35% (2 Gy) and B70% (10 Gy) apoptosis ( Figure 1a and b indicates a typical 4 0 ,6 diamidino-2-phenylindole (DAPI) staining of non-irradiated versus irradiated cells), respectively. Increasing FN concentrations significantly (Po0.01) reduced apoptosis after treatment with 2 or 10 Gy in a serum-independent manner ( Figure 1a) . Similarly, Jurkat cells demonstrated an inhibition of radiation-induced apoptosis through adhesion to FN (Figure 1c ). The FN-related radioprotective effect as measured in HL60 was observed after irradiation at all time points tested (Figure 1d ).
FN impairs radiation-induced mitochondrial transmembrane potential breakdown and caspase activation
We next sought to examine whether adhesion of HL60 and Jurkat cells to FN modulates the mitochondrial transmembrane potential (MTP) (DCm) and the activation of caspases after irradiation.
At 24 h after 2 Gy, suspension cultures on polystyrene exhibited a dramatic high-to-low shift of DCm by B75% in comparison with B20% measured in FNadherent HL60 cells (Figure 2a) . In Jurkat cells, DCm was B5% under FN adhesion versus B60% in suspension (Figure 2a) .
The findings on DCm could be correlated with caspase activity. Following a decrease, irradiated HL60 suspension cultures plus/minus dimethyl sulfoxide (DMSO) (vehicle of zVAD) showed a twofold increase in total caspase activation at 36 h (Figure 2b ). Both FNadherent and pan-caspase inhibitor zVAD-treated cells revealed significant (Po0.01) inhibition of caspases after radiation-induced genotoxic injury (Figure 2b ). Except immediate reduction of caspase activity after irradiation, these data could similarly be detected in irradiated Jurkat cell cultures (Figure 2b ).
The use of more specific inhibitors for caspases enabled us to identify caspase-3 and -9 as critical caspases within apoptotic signaling in irradiated HL60 suspension cultures (Figure 2c ). In contrast, FN adhesion of DMSO-treated cells resulted in a reduced activation of caspases. Particularly, deactivation of caspase-8 seemed to effectively impair apoptotic signaling under adhesion to FN whereas caspase-3 inhibition remained unaltered (Figure 2c ). Interestingly, zLEHDmediated caspase-9 inhibition failed to prevent radiation-induced caspase activation in FN in contrast to suspension cultures (Figure 2c ). Jurkat cells inhibited with the diverse inhibitors showed a similar caspase activation pattern, although the impact of caspase-9 and -8 inhibition on radiation-induced apoptotic signaling under suspension or FN adhesion was not as prominent as measured in HL60 cells (Figure 2c ).
Activation of the intrinsic apoptotic pathways is attenuated by cell adhesion to FN To evaluate the effect of FN adhesion versus suspension on radiation-induced caspase and PARP cleavage, HL60 cells were irradiated with 10 Gy.
In suspension, pronounced cleavage of caspase-9, -3 and PARP was observed after irradiation ( Figure 3a) . A peak of activated caspase-9 (B7-fold) at 4 h after irradiation was followed by a continuous decline. In contrast, FN adhesion exhibited a delayed B3-fold increase in cleaved caspase-9 8 h after irradiation (Figure 3a) .
Caspase-3 showed a B4-fold increase in its activated forms in irradiated suspension cultures within 4 h, which increased up to sixfold subsequently (Figure 3a) . Similar 
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F Hess et al to caspase-9, FN-adherent HL60 cultures only revealed a 2.5-fold increase in cleaved caspase-3. Although radiation-induced PARP cleavage showed no initial difference between adhesion and suspension cultures, PARP cleavage was similarly processed in suspension and under FN adhesion thereafter ( Figure 3a ). p116 PARP revealed no radiation-dependent modulation.
Induction of caspase-8 post irradiation showed a peak at 18 h in both suspension and FN adhesion cultures ( Figure 3a ).
In accordance with the cleavage patterns of caspase-3, caspase-3 enzymatic activity revealed to be two-to threefold lower in irradiated FN cultures as compared to suspension ( Figure 3b ).
These data indicated that the interactions of HL60 cells with FN reduce proapoptotic signaling solely via the intrinsic pathway. Reduction of chemosensitivity in leukemia cells upon integrin-mediated adhesion to ECM proteins is well known, but the role of specific integrins and ILK is still unclear. Thus, we hypothesized that integrins are antiapoptotic mediators whose deathblocking function is transduced, for example, by the b1-integrin-bound serine/threonine protein kinase ILK. We therefore aimed at clarifying this hypothesis in stably transfected ILK-overexpressing HL60 cells after irradiation in suspension or FN adhesion. To note, HL60 cells are known to be deficient for the integrin signaling mediator FAK (Finkelstein and Shimizu, 2000) .
Overexpression of wild-type or constitutive active kinase ILK sensitizes HL60 cells to radiation-induced apoptosis To evaluate the possible antiapoptotic role of ILK, HL60 cells were stably transfected with IW, ILKhyperactive (IH) or empty vectors (EVs) and exposed to ionizing radiation.
Overexpression and kinase activity were determined in unselected cell populations under different conditions and compared to vector controls and parental HL60 cells (Figure 4a and b).
Unsuspected, both ILK-transfected cell lines showed significant (Po0.01) sensitization to radiation-induced genotoxic stress under suspension and adhesion conditions ( Figure 4c ). Vector controls showed similar data as seen in parental HL60 cells.
To assess the influence of the binding status of integrins on the proapoptotic effect of ILK, cells were incubated with blocking antibodies against b1-integrins (mAb13) or GRGDS peptides. By targeting specific ILK-mediated apoptosis F Hess et al integrin-binding domains, these agents inhibit integrin function and/or induced inhibitory conformational changes.
A radiation (2 Gy) of HL60-IW and -IH suspension or adhesion cultures plus/minus incubation with mAb13 or GRGDS resulted in B80-100% apoptosis (Figure 4d ), which lacked significant difference as compared to untreated cells. Intriguingly, radiationinduced apoptosis of treated HL60EV controls was diminished to a similar extent as observable in vector controls adhered to FN.
Intrinsic and extrinsic apoptotic pathways are modulated by ILK in an adhesion-dependent manner We next sought to examine whether the enhancement of radiation-induced apoptosis mediated by ILK overexpression involves alterations of the DCm and caspase activation.
In tight correlation with apoptotic rates, both 2-Gyirradiated HL60-IW and -IH suspension and adhesion cultures showed a pronounced breakdown of the MTP after 24 h relative to vector controls ( Figure 5a ). In contrast, irradiated vector controls demonstrated a significant (Po0.01) impairment of MTP breakdown when adherent to FN.
HL60-IW and -IH cell lines exhibited strong activation of caspases at 24 h after irradiation. Here, caspase activity was elevated by six-to ninefold in ILK transfectants relative to vector controls (Figure 5b ). zVAD treatment effectively blocked this elevation relative to untreated or DMSO-treated cells. DMSO did not influence the induction of apoptosis after radiation exposure (data not shown).
The cleavage pattern of caspase-9, -3, -8 and PARP in irradiated HL60EV suspension and adhesion cultures demonstrated great similarity to parental cells (Figure 5c ).
In suspension, cleavage of caspase-9 and PARP was profoundly enhanced in irradiated HL60-IW and HL60-IH cells compared to HL60-EV controls (Figure 5c ). Under adhesion to FN, however, activation of caspase-9 and PARP was attenuated whereas cleavage of caspase-3 and -8 was induced. Interestingly, p116 PARP was strongly induced by FN adhesion in both HL60-IW and -IH cells (Figure 5c ). Following irradiation, p116 PARP declined to 50% of controls in these cell lines whereas EV cells remained unaltered.
These data show that ILK mediates proapoptotic signals via the intrinsic apoptotic pathway involving caspase-9 under suspension conditions. Adhesion to FN, however, seems to allow signaling through both intrinsic and extrinsic (caspase-8-mediated) apoptotic cascades.
Suspension and adhesion differentially allow ILK to interact with caspases
To further characterize the involvement of specific caspases in ILK-mediated apoptosis after irradiation, caspases were inhibited with more specific inhibitors against caspase-8, -9 and -3. Further, ILK was Cas pase-3 activity Figure 3 Radiation-induced cleavage of caspase-9 and -3 is attenuated by HL60 cell adhesion to FN. (a) In contrast to caspase-8, cleavage of caspase-9, -3 and PARP was reduced in irradiated HL60 FN culture. Cells were prepared as described under Materials and methods. Extraction of total cellular proteins was perfomed at indicated time points following 10 Gy X-rays. Graphs show the fold induction of caspase or PARP cleavage determined by densitometry of protein bands and normalization to total protein contents up to 48 h post irradiation. Results represent mean7s.d. of three independent experiments. (b) Caspase-3 activity was measured after 10 Gy X-rays in suspension or FN adherent HL60 cells. FN significantly (*Po0.01) diminished caspase-3 activation after irradiation relative to suspension conditions. DEVD-fmk effectively blocked radiation-mediated caspase-3 activation in contrast to its vehicle, DMSO (0.25 ml/ml).
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F Hess et al immunoprecipitated to explore interactions with caspase-8 or -9. Whereas vector controls indicated no specific role of a certain caspase under suspension or adhesion conditions, ILK-overexpressing transfectants revealed differences in the execution of radiation-induced apoptosis in dependence on adhesion versus suspension (Figure 6a) .
ILK exceptionally signaled via caspase-9 for apoptosis in irradiated suspension cultures (Figure 6a ). Under adhesion, ILK additionally recruited caspase-8 leading to synergistic proapoptotic signaling of the intrinsic and extrinsic pathways. Experiments using caspase inhibitors support this view in that vector controls indicate equipotent effects on inhibiting radiation-induced apoptosis. ILK overexpression, however, forces distinct apoptotic pathways either in suspension via capase-9 and -3 (zLEHD-fmk, DEVD-fmk) or under adhesion via capsase-9, -3 and -8 (zLEHD-fmk, DEVD-fmk, IETD-fmk) (Figure 6a ). In contrast to adhesion, cells irradiated in suspension induce apoptosis predominantly through caspase-9 and -3. To note, adhesion to FN impaired apoptosis induction in irradiated cells even under caspase-9 inhibition, which cannot be correlated with the data shown in Figure 2c .
Immunoprecipitation experiments showed that ILK merely recruited caspase-8 upon irradiation on FN (Figure 6b ). In contrast, ILK exclusively interacted with caspase-9 in suspension cultures (Figure 6b ). Performing reverse immunoprecipitation with antibodies against caspase-8 or -9 confirmed that ILK interacts with these two caspases in an adhesion-dependent manner (Figure 6c ). Whether ILK directly or indirectly interacts with caspase-8 under adhesion and caspase-9 under suspension has to be clarified in further studies. In contrast to ILK, control immunoprecipitation with an antibody against the focal adhesion protein paxillin showed no interrelation with caspase-8 and -9 under radiation exposure (Figure 6c ).
These data strongly support our view of ILK as a cell death-promoting mediator, especially under the 
ILK knockdown reduces radiation-induced apoptosis
To prove whether it is a physiological function of ILK to promote apoptosis after genotoxic injury, we performed siRNA transfections in HL60 and Jurkat cells. Further, the role of caspase-8 for adhesiondependent induction of apoptosis after irradiation was examined in caspase-8-negative Jurkat A3 cells (Casp-8N) in comparison to Jurkat A3 controls. ILK is evidently involved in proapoptotic actions in DNA-damaged cells, which is shown by a significant (Po0.05) radioprotective effect in ILK knockdown HL60 and Jurkat cells (Figure 7a ). Owing to the adhesion-dependent interactions between ILK and caspase-9 or -8, ILK silencing exerts its antiapoptotic effects under both suspension as well as FN adhesion conditions. Irradiation of FN-adhered Casp-8N cells led to significantly reduced apoptosis during the observation period relative to control cells (Figure 7b ). These data might reflect that caspase-8 plays a more prominent role for radiation-induced apoptosis in cells adherent to matrix proteins than in suspension cells, a process that could be relevant for cell adhesion-mediated resistance to radiation.
Discussion
Evidence has already been provided showing an improvement of cell survival after exposure to genotoxic agents such as ionizing radiation or cytotoxic drugs by integrin-mediated adhesion to ECM proteins (Damiano et al., 1999; Sethi et al., 1999; Cordes et al., 2006) . Our study corroborates this effect in DNA-damaged HL60 and Jurkat leukemia cells adherent to FN. We further . Functional b1-integrin signaling to FAK and subsequent stimulation of Src and mitogen-activated protein kinase in parallel to inhibition of c-Jun N-terminal kinase rescued murine fibroblasts from radiation-induced cell death. Figure 6 Apoptotic signaling is mediated by ILK in an adhesion-dependent manner. (a) ILK signals via caspase-9 for apoptosis in irradiated suspension cultures. Under adhesion, ILK further recruits caspase-8 for synergistic proapoptotic signaling after radiationinduced genotoxic injury. Cells were seeded on FN or left in suspension for 1 h, incubated with 20 mM of inhibitors for caspase-3 (DEVD-fmk), -8 (IETD-fmk) or -9 (zLEHD-fmk) or 0.25 ml/ml DMSO for 30 min and irradiated with 10 Gy. After 48 h, cells were isolated, stained with DAPI and counted for apoptotic morphology. Columns represent mean7s.d. of three independent experiments. Statistics were calculated by comparing inhibitor-treated cells versus DMSO controls. *Po0.01. (b) To confirm that ILK recruits caspase-8 or -9 after irradiation of HL60 cells, coprecipation experiments were performed. Cells were prepared as described under Materials and methods and immunoprecipitation was carried out at 4 h after irradiation. Anti-ILK or nonspecific anti-mouse IgG antibodies were used for immunoprecipitation, which was followed by detection of precipitated proteins and caspase-8 using Western blotting technique. (c) Reverse immunoprecipitation was performed with anti-caspase-8 or-9 antibodies or antibodies against the focal adhesion protein paxillin. In contrast to paxillin, ILK was detectable in caspase-8 or -9 precipitates after irradiation under adhesion or suspension, respectively.
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In leukemia cells, caspase-dependent apoptosis is readily triggered by radiation exposure. In parental HL60 cells, adhesion to FN exceptionally altered the intrinsic apoptotic pathway. This might be owing to differential activation, susceptibility or availability of death receptor-related caspases like caspase-8 to integrin cytoplasmic tails or integrin-associated membrane complexes. On the basis of our findings, ILK participates in the extrinsic apoptosis pathway by complex formation with caspase-8 in case of integrin activation through FN binding.
Particularly important in irradiated cells is the control of DNA repair and/or removal of radiation-induced DNA lesions. The adhesion-dependent modification of PARP processing following radiation exposure indicates a link between integrins and the DNA repair apparatus, cell cycling and checkpoint regulation Kremer et al., 2006) .
Hypothesizing that ILK is downstream of b1-integrin and transduces prosurvival b1-integrin signals, our results employing specific b1-integrin-blocking antibodies or widespread integrin-antagonizing RGD peptides question this general prosurvival view. At the concentrations used, these agents effectively inhibited adhesion to various matrix proteins. Radiation-induced apoptosis of neither vector controls nor HL60-IW and -IH transfectants were affected by antibody or peptide treatment; an observation that necessitates further investigations.
Despite these findings, ILK transfectants are moderately susceptible to the influence from integrin-mediated adhesion on the protein level with regard to radiationinduced caspase activation. These effects did not alter the extent of apoptosis in irradiated ILK transfectants. During our observation period, the intrinsic caspase-9/ PARP cascade was less activated whereas caspase-8/-3 was pronouncedly stimulated after irradiation of both wild-type and constitutive active kinase ILK transfectants adherent to FN. That ILK also interacts with caspase-8 in FN adhesion cultures could be shown by 
ILK-mediated apoptosis
F Hess et al pull-down assays. In contrast, lack of adhesion prevented ILK caspase-8 interaction without affecting ILK caspase-9 interaction, which enforced proapoptotic signaling via caspase-3 to PARP. Intriguingly, this study using suspension cultures confirmed our previous observations on the radiosensitizing effect of overexpressed ILK (Cordes, 2004) . These findings provide evidence for the participation of ILK in proapoptotic signaling events after genotoxic stress and support the hypothesis of caspase-8 to be critical for matrixadherent cells in terms of both integrin-mediated death and adhesion-mediated resistance (Stupack et al., 2001; Shain et al., 2002) . In this context, the FAK deficiency of HL60 cells has to be considered. FAK overexpression in HL60 cells resulted in diminished apoptosis after exposure to hydrogen peroxide, etoposide, tumour necrosis factorrelated apoptosis-inducing ligand or ionizing radiation (Kasahara et al., 2002; Tamagiku et al., 2004) . Thus, ILK and FAK might be regarded as antagonists in the regulation of survival and apoptosis in DNA-damaged cells. FAK deficiency, presenting a lack of antagonizing impulse on ILK, is likely to be responsible for the dramatic increase in the rate of radiation-induced apoptosis.
In summary, these results confirm our view of ILK as strong antisurvival regulator in genotoxically injured cells. New insights into the important phenomenon of cell adhesion-mediated radiation resistance comprise that ILK interacts with the death receptor pathwayrelated initiator caspase-8 or the mitochondrial pathway-related initiator caspase-9 in an adhesiondependent manner. Our data further demonstrate that selection between the extrinsic and intrinsic apoptotic pathway appears to be a function of protein-protein interactions and the repertoire of expressed proteins available to execute apoptosis after genotoxic injury. A rationale for the latter can be drawn from the fact that both the ligated as well as the unligated integrin states provide information to the cell about its microenvironment. Not only physiologically but essentially under genotoxic stress, these mechanisms allow a cell to percept itself in an appropriate or inappropriate extracellular milieu, which actively directs pro-or antiapoptotic programs. These findings might provide the basis for developing new targeted chemo-and radiotherapeutic treatment options in hematological malignancies.
Materials and methods
Reagents, antibodies and cell culture All reagents were purchased from commercial sources: DAPI (Serva, Heidelberg, Germany), fluorescein isothiocyanate (FITC)-VAD-fmk (Promega, Mannheim, Germany), tetramethylrhodamine ethyl ester, perchlorate, 70016 (TMRE), MitoTracker Red CMXRos (Molecular Probes, Leiden, The Netherlands), zVAD-fmk, zLEHD-fmk, protein-A-agarose beads, diaminobenzidine (Sigma, Taufkirchen, Germany), DEVD-fmk, IETD-fmk (Chemicon, Hampshire, UK), GRGDS (H-Gly-Arg-Gly-Asp-Ser-OH) and GRADSP (H-Gly-Arg-AlaAsp-Ser-Pro-OH) peptides, G418 (Calbiochem, Bad Soden, Germany), Vectashield Mounting medium (Alexis, Gru¨nberg, Germany), nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany) and enhanced chemiluminescence (Amersham, Freiburg, Germany). Antibodies used are: anti-b1-integrin (K20; Dako, Hamburg, Germany), anti-ILK (65.1.9), anti-rat immunoglobulin (Ig) G1, anti-mouse IgG1 (Upstate, Hamburg, Germany), anti-caspase-3 cleaved, anti-caspase-9 cleaved, anti-caspase-8, anti-PARP cleaved anti-phospho-glycogen synthase kinase (GSK) 3b-Ser9 (Cell Signaling, Frankfurt a.M., Germany), anti-b-actin (Sigma, Taufkirchen, Germany); anti-ILK, horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse secondary antibodies (Santa Cruz, Heidelberg, Germany). Anti-b1-integrin clone 13 antibody was a generous gift from Dr KM Yamada (NIH/NIDCR, USA). GSK-fusion protein and ATP were from New England Biolabs GmbH (Frankfurt a.M., Germany). Human promyelocytic HL60 leukemia, Jurkat E6-1 and A3 T-lymphoma cells were purchased from American-Type Culture Collection (Bethesda, MD, USA). Caspase-8-deficient mutant Jurkat A3 cells were a kind gift from Dr P Juo (Boston, MA) (49). RPMI 1040 GlutaMAX 1TM supplemented with 1% non-essential amino acids (GIBCO, Karlsruhe, Germany) and 10% fetal calf serum (FCS) (PAA, Linz, Austria) was applied to culture the cells routinely at 371C-5% CO2. Serum starvation of cells was performed using RPMI 1040-1% non-essential amino acids without FCS. For all experiments, asynchronous growing cell cultures were used.
Stable transfection of ILK cDNA Cells were stably transfected using electroporation as published previously (Cordes, 2004) . In brief, pUSEamp vectors (Upstate, Hamburg, Germany) containing cDNA constructs encoding for IH kinase (double-point mutation at Ser343 generated by substitution of TC for GA at nucleotides 1027 and 1028 within the cDNA) or IW kinase under the control of a cytomegalovirus promoter and the EV (pUSEamp þ ) were used. Confirmation of ILK expression in non-clonal cell populations was performed as described above.
ILK kinase assay
The nonradioactive Akt kinase assay kit purchased from New England Biolabs GmbH (Frankfurt a.M., Germany) was modified to detect ILK kinase activity as described previously (Cordes and van Beuningen, 2003) .
Radiation exposure
Irradiation was delivered at room temperature using single doses of 240 kV X-rays (Isovolt 320/10; Seifert, Ahrensburg, Germany) filtered with 3 mm Beryllium. The absorbed dose was measured using a Duplex dosimeter (PTW, Freiburg, Germany). The dose rate was approximately 1 Gy/min at 13 mA. The applied doses were 2 or 10 Gy.
DAPI staining for apoptosis Cells were grown in suspension (polystyrene, bovine serum albumin) or on FN in the presence or absence of serum for 1 h, irradiated or left unirradiated, prepared by cytospin, washed with 0.9% NaCl and permeabilized using 4% paraformaldehyde for DAPI staining at defined time points. FN-attached cells were removed using Trypsin/ethylenediaminetetraacetic acid (EDTA) solution (GIBCO, Karlsruhe, Germany). DAPI solution (1:100) was prepared in Vectashield medium from a 100 mg/ml stock solution. Cells (10 3 ) were enumerated using a Leitz Diaplan microscope (Bensheim, Germany; Â 40 magnification). Cells were counted by three independent observers ILK-mediated apoptosis(FH, AF and NC). Interobserver variation was o5%. Where indicated, cells were incubated with 20 mM pan-caspase (zVAD-fmk), caspase-3 (DEVD-fmk), -8 (IETD-fmk) or -9 (zLEHD-fmk) inhibitor or 0.25 ml/ml DMSO vehicle for 30 min before irradiation.
Measurement of the MTP Suspension and FN adhesion cultures were irradiated with 2 Gy or left unirradiated. At 24 h after irradiation, cells were prepared for measurement of the MTP using 25 nM TMRE following the manufacturer's instructions. Subsequent to a 30-min staining and washing, cells were resuspended and acquisition and analysis of data for 10 4 events was performed using a fluorescence-activated cell sorter (FACS) Calibur (BD, Heidelberg, Germany). The radiation-and substratedependent changes of the MTP were analysed from dot plots and histograms using CELLQuest software (BD, Heidelberg, Germany).
Detection of activated caspaces
Cell cultures plus/minus 20 mM zVAD-fmk, IETD-fmk, zLEHD-fmk or DMSO were irradiated with 2 Gy or left unirradiated. At indicated time points, cells were centrifuged, washed with phosphate-buffered saline and incubated with FITC-VAD-fmk for 20 min. After washing, cells were resuspended and acquisition of data for 10 4 events was performed using a FACS Calibur and CELLQuest software.
Total protein extraction and Western blotting
After 10-Gy irradiation, suspension and FN adhesion cultures were harvested and lysed on ice using 50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, protease inhibitor cocktail complete (Roche, Mannheim, Germany), 5 mM sodium vanadate and 5 mM sodium fluoride. Amounts of total protein extracts were determined using BCA assay (Interchim, Montlucon Cedex, France) and samples were stored at À1341C until use. Experiments were repeated three times. Western blotting was performed as described previously . Measurements of protein band density were carried out using ImageQuant version 5.0 software (Molecular Dynamics, Germany).
Caspase-3 activity assay Caspase-3 activity was measured after 2-Gy X-rays in triplicates using a commercially available ApoAlert assay kit (BD-CloneTech, Heidelberg, Germany) according to the manufacturer's instructions.
Coprecipitation of caspase-8 or -9 with ILK Cells were seeded on FN or polystyrene in serum-free medium 1 h before irradiation. FN adhesion or polystyrene suspension cultures were irradiated with 10 Gy and treated for 15 min with 1% formaldehyde to crosslink proteins at 4 h after irradiation. The reaction was terminated with 100 mM glycine. Following cell lysis, ILK was immunoprecipitated with 2 mg of the specific antibody overnight at 41C from 250 mg total protein extracts. Subsequently, protein-G-agarose beads were allowed to incubate for 3 h, followed by washing and preparation for sodium dodecyl sulfate-polyacrylamide gel electrophoresis. ILK and coprecipitated caspase-8 or -9 were detected by Western blotting. Nonspecific mouse-IgG was used as control.
siRNA transfection
The sequence of ILK siRNA was selected based on a method described previously (Elbashir et al., 2001) . The target sequence that effectively mediates silencing of ILK expression is 5 0 -AAGGTTCGAGACTGGAGTACA-3 0 (sense sequences) as reported previously (Cordes, 2004) . The 21-nucleotide synthetic siRNA duplex was prepared by MWG Biotech AG (Ebersberg, Germany) based on Dharmacon 2 0 -angiotensinconverting enzyme technology. HL60 and Jurkat cells were transfected with the ILK siRNA or a 21-nucleotide irrelevant RNA Duplex XII as a control using oligofectamine (Invitrogen, Karlsruhe, Germany). Depletion of ILK was confirmed by Western blotting.
Data analysis
Means7s.d. of three independent experiments was calculated with reference to untreated controls defined in a percentage scale or 1.0. To test statistical significance, analysis of variance was performed using MicrosoftExcel 2000. Results were considered statistically significant if P-value of less than 0.05 was reached.
